We have used the asymmetry between the coding and noncoding strands in different codon positions of coding sequences of DNA as a parameter to evaluate the coding probability for open reading frames (ORFs). The method enables an approximation of the total number of coding ORFs in the set of analyzed sequences as well as an estimation of the coding proba' bility for the ORFs. The asymmetry observed in the nucleotide composition of codons in coding sequences has been used successfully for analysis of the genomes completed at the time of this analysis.
INTRODUCTION
tfthere źrre many methods to discriminate between coding and noncoding DNA sęquences (Fickett, 1996, l for review). For nondisrupted genes, one of thę better criteria is the length of an open reading frame (oRF)' In the yeast genome project (SGD, Scccłaromyces Genome Database), the lower limit of an oRF length has been sęt at 100 codons. An additional criterion is the value of the codon adaptation index (CAI) (Sharp and Li, 1987) . It has beęn arbitrarily accepted in SGD that oRFs shorter than 150 triplets with CAI < 0.l1 are consideręd noncoding (Dujon ęt al., L994) . It has bęęn also accepted in SGD that the longer oRF of a pair of overlapping oRFs is considered coding. Generally, thesę criteria work well, but some oRFs are shorter than 150 codons with CAI < 0.11 and perform already documented coding functions. Such criteria as CAI and codon bias index (CBI) (Benetzen and Hall, 1982) are based on the observation that codon usage in protein coding sequences does not correspond to codon frequency expected from thę nucleotide composition of the genome. Two different forces have been suggested to be responsible for this bias. One is translational selection based on relative concentrations of iso-accepting tRNAs (Ikemura, 1982) . The second is mutational pressure that forces a change in ovęrall nuclęotide composition of DNA and especially influences the third (silent) positions of codons (Sueoka, 1988;  Sharp et a1.,1993, 
for review).
We have assumed that a coding sequence should reflect specific construction of the genetic code, nonrandom (biased) amino acid usage, and physical restrictions of the DNA (RNA) Berthelsen etal. (1992) . For each sequencę' we performed three DNA walks, independentĘ, for each nuclęotide position in codon triplets. The first walker starts from the first nucleotide position of the first codon and then jumps every third nucleotide until the end of the examined sequence (stop codon) has been reached. Similarly, the second and the third walkers start from the second and third nucleotide positions of the first codon, respectively. Every jump of a walker is associatęd with a unit shift in two-dimensional space depending on the type of nucleotide visited. The shifts are (0,1) for G, (1, 0) for A, (0,-1) for C, and (-1,0) Fig. 4c .
Estimation of coding probability for an ORF To estimate the coding probability for an ORF, we divided the whole set of all ORFs into classes according to Ai Yalues. For each class, we counted the number of expected coding ORFs (using the method described) and the total number of ORFs found in a given class. The ratio between these values has been assumed as coding probability for oRFs locatized in a given class. It is possible to use thę coding probability values obtained by this method direcfly or to plot them against Ą, to make the polynomial approximation, and to describe the probability as a function of Ą. The results are available at our WWW site (angband.microb.uni.wroc.pl).
RESULTS AND DISCUSSION
Because the representation of both parameters describing the ORFs is in degrees (-f 180), areas of the plots seen in Figures 2 and 3 are finite (they are the surfaces of the toruses). In thó case of the yeast gęnome' about 67o of this area includes about 75vo of all coding oRFs. All these genes have more A than T in thę first and second positions of codons, more G than C in the frst position, and less G than C in the second position. The ORFs with the lower number of A than T in the second position are localized in the plots below the main cloud of genes. In this latter region are genes coding fór ffansmembrane proteins (information on the set of these genes was kindly supplied by A. Goffeau, Catholique Univęrsitie de Louvain). The shift of these genes below the main cluster is due to the presence of codons coding for hydrophobic amino acids, which are rich in T in the second position, and underrepresęntation of codońs for ńydróphilic amino acids, which are rich in A in the second position. Because transmembrane proteins porr"r, iryfuophobic spans, they are relatively rich in T in the second position.
When comparing different classes of yeast oRFs with annotation 1-ó in the MIPS base, it can be seen that classes 2 and 3 are a little more dispersed than class I (identified genes have annotation 1 in MIpS), which suggests that there are only a few noncoding ORFs in classes I,2, and 3. In the classes above 4 there are many noncoding ORFs. In fact, in class 6, only a few coding ORFs should be expected (data not shown). Ż65 expect such a result because the CAI is sęnsitivę to the composition of the third positions of codons, whereas we used parameters measuring the asymmenry of the fint two positions. We have observed some correlation (about -0.4) between the distance from the center of the distribution and the length of the ORFs for the yeast. As the distance is reciprocal to the coding probabiliĘ, a negative correlation should bę expected because of two phenomena: (1) noncoding overlapping ORFs or random ORFs are usually shorter, and they are found far from the center of the distribution, and (2) it seems that very long ORFs could be considered as "averaged smaller ORFs." Thus, the SDs for the class of long ORFs should be smaller. To prove the last assumption, we calculated the SDs ofthe first and the second angles for yeast ORFS longer than 1000 codons and found that they both equal 0.65 of those for the whole set of genes. It is obvious that the corręlation between length of ORFs and their coding probability cannot be high because the relation between these parameters is not linear.
The number of coding ORFs in yeast estimated by our method is much lower than that proposed by the SGD program. This number could be underestimated by us if (1) the set of already known genes is not statistically representative for the whole set of coding oRFs in the yeast genomę' and it is too homogeneous to be considered a statistically significant sample, or (2) (Dujon, 1996; Casari et a1.,1996) .
We also estimated the number of coding ORFs > 100 codons in the genomes of E. coli and H. influenzae. These genomes have different organizations ręlative to each other. We found that about 857o of the nuclęotides of the tI. influenzae genome is in oRFs of >100 codons. only about Ivo of nucleotides are shared by overlapping oRFs. In the E. coli genome, thęre are many overlapping oRFs (>2000 overlapping ORFs, and 11,.57o of all nucleotides are within overlaps). Nonoverlapping ORFs cover about 90Vo of the E. coli genome. Still, when comparing the wholę set of oRFs to protein coding oRFs, ln E. coli, orly 48.47o of these ORFs are expected to be coding.In H. inJluenzae, about 777o of all ORFs are expected to be coding. We have also found that in the E. coli genome, the composition of the third position in the codons depends stongly on the position of the ORF in the chromosome. Using the first and the third angles as parameters for oRF disffibution, followed by approximation of the number of coding oRFs in thę E. coli gęnome' we estimate a slightĘ higher fraction of coding oRFs-52.27o vs 48.4?o. To estimatę which position in the codon is the better predictor for a protein coding function, we examined the distributions of the angles for the three spider legs representing codon positions in S. cerevisiae, E. coli, H. influenzae, and M' jannaschii (Fig. 5) . It can be seęn that the frst position is the best predictor for all the examinęd genomes. For all examined genomes' the average values of angles for the frst positions are betweęn 0 and 90 degrees' Even if the second parameter is not so predictive, the fust parameter causes genes to form a nźuTow ring on a torus. Thę third position seems to be a better predictor than the second for genomes of E. coli, Mycoplasma (not shown), and M. jannascłii (compare also the pairs of distributions: Fig. 2h and i, Fig. 3b and c, Fig. 3e and 0. We also found that for mitochondrial genomes the third position seems to be a better predictor than the second one (data not shown). Note that using the third position as one of the parameters does not correspond to CAI or thę method of Mclnemey (1997) because
(1) mutation pressure exploits the transition mechanism, and the changes in [A-T] and [G-C] in the third positions of codons in the coding sffand that we measured cannot result from transition but rather transversion, and (2) half of the substitutions in the third positions of the type purine<:>pyrimidine are not silent and cannot be subject to a simple translational selection.
A coding sequence can generate a noncoding ORF in a specific phase (Cebrat and Dudek, 1996) . As two of the three stop codons (TAA,TAG) generate stops in the related phase of the opposite strand' By definition' coding sequences do not have stops in frame. The frequency of iops in ttre reiated phase of the opposite strand is lower, and the probability of the oRF appearing is higher. To find the codini oRF in a pair of overlapprng oRFs, it is necessary to distinguish between tfre ffier reading frame and the reading frame of the ORF generated by the coding sequence. Because the method described here shows differences in asymmetry for different positions in codons'
it is simple to locate the coding frame. It can be seen readily in the cases of synechocystls sp' arld M' therrnotrophicum Figure 3 ,g-l' we show the distibutions for these three sets of ORFs. Assuming that in a pair of overlapping ORFs the longer one is coding (which st ouid b" true in most cases), we can conclude that the points distributed horizontally on plots g, i, j, and I in Figure 3 are not coding' tlj{ i"*"^.J \ " Ż67
